ABSTRACT BACKGROUND: To explore the role of the MAPK signaling pathway in the cardiomyocyte apoptosis of mice with post-infarction heart failure (HF). METHODS: Mice were divided into sham and myocardial infarction (MI) groups. Before surgery, the MI group was divided into SB203580 and PBS subgroups. A post-infarction HF model was established by ligating the left anterior descending coronary artery. Ventricular dilatation and cardiac function were observed by small animal echocardiography. The growth of primary cardiomyocytes was observed under an inverted phase contrast microscope. The mRNA and protein expressions of endoplasmic reticulum stress (ERS) markers, GRP78 and CHOP, were detected by qRT-PCR and immunofl uorescence assay, respectively. RESULTS: The MI group had enlarged left ventricle and decreased cardiac function. GRP78 and CHOP protein expressions in myocardial tissues, especially those of SB203580 subgroup, signifi cantly increased (p < 0.05). The expressions of p-JNK and cleaved caspase 12 proteins, especially those of SB203580 subgroup, were signifi cantly up-regulated. Cardiomyocytes of MI group were signifi cantly more prone to apoptosis (p < 0.05), with SB203580 subgroup being more obvious. CONCLUSION: MI was accompanied by ERS, probably involving the MAPK signaling pathway. SB203580, a specifi c inhibitor of this pathway, can relieve cardiomyocyte apoptosis and protect the myocardium by suppressing such stress (Tab. 3, Fig. 7, Ref. 20). Text in PDF www.elis.sk.
Introduction
After myocardial infarction (MI), cardiomyocytes undergo fi brosis and reduction in contractility, leading to heart failure (HF) and sudden cardiac death which are common destinies of many cardiac diseases (1) . HF of MI patients suggests a decreased number of surviving cardiomyocytes, which causes deaths due to progressive aggravation (2) . HF pathogenesis has mainly been attributed to hemodynamics changes, neuroendocrine activation and ventricular remodeling. Recently, with breakthroughs in the neuroendocrine fi eld, researchers have found that cardiomyocytes undergo apoptosis and cannot be regenerated upon HF, thus absolutely reducing the number of functioning cells and myocardial contractility. This process is commonly accompanied by regulation of multiple signaling pathways, among which endoplasmic reticulum stress (ERS) has been widely studied (3) (4) (5) (6) (7) .
The endoplasmic reticulum (ER) is an important organelle of cardiomyocytes in mammals. The metabolisms of membrane secretory proteins, glycosaminoglycans, cholesterol and calcium signaling proteins are directly related with the functions of ER. For example, secretory protein synthesis and folding as well as protein glycosylation and secretion ̣ ˗ all take place in it. Dysfunction of ER may play a crucial role in myocardial ischemia-reperfusion injury (8) (9) (10) (11) . However, whether the MAPK signaling pathway is involved in the cardiomyocyte apoptosis of mice with postinfarction HF through ERS remains unclear hitherto.
Thereby motivated, we herein fi rst established a post-infarction HF model of mice by ligating the left anterior descending coronary artery, aiming to explore ERS-mediated apoptotic pathway and its role in myocardial tissues. The pathogenesis of post-infarction HF was clarifi ed, providing valuable evidence for treating and preventing this disease.
Materials and methods

Experimental animals
Twelve male SPF Kunming mice weighing 35-40 g were used, which were aged (3.1 ± 0.3) weeks on average. The mice were purchased from the institute of Laboratory Animal Science, Chinese Academy of Medical Sciences & Peking Union Medical College (China). All experimental procedures involving animal study were performed in accordance with the guidelines for Animal Ethical Committee (Xuzhou Central Hospital, China).
Antibodies and reagents
GRP78 and α-actin antibodies, rabbit anti-mouse polyclonal CHOP antibody and goat anti-rabbit polyclonal secondary antibody were purchased from Santa Cruz (USA). Rabbit anti-mouse polyclonal JNK, p-JNK, caspase 12 and cleaved caspase 12 antibodies were bought from Cell Signaling Technology (USA). TUNEL assay kit was obtained from Roche (Germany).
Animal model establishment and experimental grouping (12)
The mice were divided into a Sham group (n = 4) and an MI group (n = 8). Before surgery, the MI group was divided into two subgroups that were treated by PBS (1 mg/g, n = 4) and SB203580 (1 mg/g, n = 4), respectively. A post-infarction HF model was established by ligating the left anterior descending coronary artery. For the sham group, the coronary artery was only passed through by silk thread but not ligated, and other operations were the same as those of the MI group. Standard limb and chest lead electrocardiograms were recorded before and after surgery. The modeling was successful if there were two or more ST segment elevations or arched ST segment elevations. After surgery, the mice were kept in cages, with regular light/dark cycles and free access to food and water. After successful modeling, echocardiographic indices of the two subgroups were recorded 2, 4 and 6 weeks after surgery, respectively.
Small animal echocardiography
Cardiac function changes in mice with post-infarction HF can be simply and conveniently detected by echocardiography, and the results are well correlated with indices measured by the hemodynamic method, such as maximal rate of rise in left ventricular pressure (dp/dtmax) and maximal rate of fall in left ventricular pressure (-dp/dtmin). Therefore, this method can accurately refl ect the changes in left ventricular function. At the end of feeding, all surviving mice received echocardiography. The mice were anesthetized by intramuscular injection with Sumianxin (1-2 mL/kg), with the limbs and head fi xed in the supine position, subsequently. The left ventricular images were collected horizontally at the papillary muscle of two-dimensional parasternal short-axis using an Acuson Sequoia 512 system at the probe frequency of 14 MHz. Meanwhile, the M-mode echocardiogram was obtained under two-dimensional guidance, with over 10 cardiac cycles recorded. The echocardiogram was used to measure left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), left ventricular systolic anterior wall thickness (Aws), left ventricular diastolic anterior wall thickness (Awd), left ventricular systolic posterior wall thickness (Pws), left ventricular diastolic posterior wall thickness (Pwd), heart rate (HR) and ejection fraction (EF). Left ventricular fractional shortening (FS) was calculated according to FS% = [(LVEDD-LVESD)/LVEDD] × 100%.
Detection indices
After the mice had been sacrifi ced by cervical dislocation, the heart was taken and dried with fi lter paper. The left ventricle (LVW) (including the interventricular septum) and the right ventricle (RVW) (excluding the interventricular septum) were weighed, respectively, and the ratios of LVW/body weight (LVW/BW) and RVW/BW were calculated, representing the left ventricular hypertrophy index and the right ventricular hypertrophy index, respectively. The myocardium of non-infarcted left ventricular region was cut into several blocks and stored immediately in a -70 °C refrigerator. Then the lung tissue was weighed, and the lung weight/BW (LUNGW/BW) ratio was calculated.
Myocardial pathomorphology
The myocardium of infarcted left ventricular region was taken, rinsed with PBS at 4 °C and fi xed with 4 % paraformaldehyde solution. Forty-eight hours later, the tissue was routinely dehydrated, paraffi n-embedded, cut into 4 μm-thick sections, HE-stained and observed under a light microscope.
Western blotting
Myocardial tissues (30 mg) were homogenized, lysed, ultrasonicated and centrifuged at high speed. Then the supernatant was collected to measure the protein concentration on a Bio-Rad spectrophotometer using the Coomassie brilliant blue method, and stored at -20 °C after subpackaging. Protein solution containing 50 μg protein sample was subjected to 10 % sodium dodecyl sulfonate-polyacrylamide gel electrophoresis (SDS-PAGE). Then the protein was transferred onto a nitrocellulose membrane by the semi-dry method. Afterwards, the membrane was blocked for 4 h at room temperature (blocking solution: TBST solution containing 5 % skimmed milk), washed and incubated overnight with primary GRP78 antibody (1:400 dilution), primary CHOP antibody (1:800 dilution), primary caspase 12 antibody (1:1000 dilution), primary JNK antibody (1:1000 dilution) and primary p-JNK antibody (1:1000 dilution), respectively at 4 °C. After washing, the membrane was incubated with appropriate secondary antibodies at room temperature for 1 h, color-developed with the chemiluminescence method and exposed to X-ray. To avoid the infl uence of loading protein amounts, the Western blotting results were corrected by α-actin. The integral absorbances (IAs) of protein bands were analyzed by Image-ProPlus. IA = Average absorbance × area, where the ratio of IA target protein /IA α-actin represents the relative expression level of target protein.
Detection of cardiomyocyte apoptosis
Myocardial tissues in the middle of the left ventricular anterior wall were collected to prepare paraffi n sections. In situ detection of myocardial apoptosis in tissue sections was conducted according to kit's instructions using the TUNEL assay. Under the light microscope, normal myocardial cells were stained bluish green, and apoptotic nuclei were irregularly stained brown. Ten high-power visual fi elds were selected randomly from each section in the area where apoptotic cells were distributed. Then the number of apoptotic cells per 100 cells was calculated, with percentage (%) representing the apoptotic index (AI).
Culture and identifi cation of cardiomyocytes
The mice were soaked in 75 % ethanol for a few seconds, and the following steps were performed on super-clean bench. Neonatal mice were sacrifi ced by cervical dislocation, with their head and limbs fi xed in the supine position. The thorax was cut open from the axilla by an ophthalmic scissor, from which the heart was scissored off and quickly placed into pre-cooled PBS solution to wash away residual red blood cells. The atrium was scissored off, and ventricular muscle tissue was taken and put into another dish, cut into pieces (about 1 mm × 1 mm × 1 mm) and added with type II collagenase of 5 times the volume of the tissue. The resulting suspension was transferred to a vial of penicillin, digested for 4 min through repeated pipetting, and left still. After the supernatant had been discarded, an appropriate amount of type II collagenase was added, and the mixture was repeatedly pipetted and naturally precipitated to collect the supernatant. The above steps were repeated 4-5 times until the tissue mass was completely digested. The supernatant obtained each time was transferred to a centrifuge tube, added with an equal volume of DMEM containing 15 % fetal bovine serum (FBS) to terminate the action of collagenase, and centrifuged at 800 r/min for 10 min to discard the supernatant. The cell precipitates were collected and mixed in DMEM (containing 15 % FBS, 105 U/L penicillin and 105 U/L streptomycin, pH 7.2) to prepare a cell suspension. The differential adherence method was used to isolate and purify myocardial cells. The cell suspension was inoculated into culture fl asks and cultured in a 5 % CO 2 incubator at 37 °C for 2 h. Non-myocardial cells adhered to the fl ask bottom faster, whereas myocardial cells remained in the suspension state. The cell suspension was sucked out and added with 5-Brdu to 0.1 mmol/L to inhibit the proliferation of non-myocardial cells. The cell suspension was inoculated into 6-well plates at a density of about 1×10 6 cells/cm 3 , and cultured in a 95 % O 2 + 5 % CO 2 incubator at 37 °C. The culture medium was changed 48 h later. The solution was changed once every 2 to 3 days. The myocardial cells were thereafter cultured in DMEM containing 15 % FBS for 3 to 4 days. Intervention was given when the adherent myocardial cells extended pseudopodia and connected into pieces while beating well and tending to be synchronized. By using the immunofl uorescence method, myocardial cells were identifi ed by detecting cytoplasmic α-actin with rabbit anti-mouse primary actin antibody and FITC goat anti-rabbit secondary antibody.
Detection of GRP78 and CHOP protein expressions by immunofl uorescence assay
The myocardial cells of neonatal mice underwent primary culture. Non-myocardial cells were fi rst removed by the differential adherence method, and then viable cells were counted by trypan blue staining. The myocardial cells were adjusted to 5×10 8 cells/L with 20 % bovine serum medium and inoculated into 12-well plates (a polylysine-treated coverslip was placed in each well for cell growth), 1.5 mL per well. Twenty-four hours after treatment, the cells were washed with PBS three times. Subsequently, the coverslips were taken out, fi xed with 4 % paraformaldehyde for 30 min, washed with PBS 3 times, incubated in 4 % methanol containing 0.1 % TritonX-100 for 20 min, blocked with 10 % normal goat serum for 30 min at room temperature, incubated overnight with rabbit anti-mouse primary polyclonal GRP78 and CHOP antibodies, respectively at 4 °C, washed with PBS three times again, incubated with 1:50 FITC-labeled goat anti-rabbit IgG antibody at room temperature for 1 h, washed with PBS 3 times, and fi nally mounted with 90 % glycerol. The test samples were placed under a laser scanning confocal microscope, and the excitation wavelength of HeNe laser was determined to be 543 nm by HQ590-70 emission fi lter through 10-fold and 100-fold objective lens (eyepiece: 10×), respectively. The cell scanning parameters were optimized 
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after pre-scanning using LaserSharp2000 program (Bio-Rad, CA, USA), by which cell photographs were scanned and stored. Data measurements were carried out by Lasersharp2000.
Real-time quantitative PCR (qRT-PCR)
Total RNA was extracted by UNIQ-10 column extraction kit (Shanghai Sangon Biotech Co., Ltd., China). RNA (2 μL) was quantifi ed. An equal amount of RNA from each group was taken, with the total volume adjusted to 10 μL with RNase free water. After addition of other reagents, cDNA was synthesized by reverse transcription in a reaction system with the total volume of 20 μL. PCR amplifi cation was conducted by using 2 μL of cDNA in a 20 μL reaction system. GRP78 primer, upstream: 5'-CTGGGTA-CATTTGATCTGACTGG-3', downstream: 5'-GCATCCTGGTG-GCTTTCCAGCCATTC-3', total length: 345 bp; CHOP primer, upstream: 5'-AGCAGAGGTCACAAGCACCT-3', downstream primer: 5'-CTGCTCCTTCTCCTTCATGC-3', total length: 166 bp; β-actin primer, upstream: 5'-CTACAATGAGCTGCGTGTG-GC-3', downstream: 5'-CAGGTCCAGACGCAGGATGGC-3', total length: 270 bp. PCR conditions were as follows: pre-denaturation at 95 °C for 30 s, denaturation at 95 °C for 5 s and annealing at 60 °C for 31 s, 40 cycles in total. The relative concentrations were calculated for inter-group comparisons.
Masson staining
Paraffin sections were deparaffinized, rehydrated, and washed with tap water and distilled water successively. Cell nuclei were stained with Regaud's or Weigert's hematoxylin solution for 5-10 min, thoroughly rinsed with water (hydrochloric acid-ethanol medium was used for differentiation in case of overstaining), and thereafter washed with distilled water. Myocardial tissues were stained with Masson ponceau-acid fuchsin solution for 5-10 min, immersed and washed in 2 % aqueous acetic acid solution for a moment, differentiated with 1 % aqueous solution of phosphomolybdic acid for 3-5 min, directly stained with aniline blue or light green solution for 5 min, immersed and washed again in 0.2 % acetic acid aqueous solution for a moment, and subjected to gradient dehydration with 95 % ethanol and absolute ethanol, xylene transparentization and neutral gum mounting. The collagen fi ber, mucus and cartilage were stained blue (or green if light green solution was used). The cytoplasm, muscle, cellulose and neuroglia were stained red, and the nucleus was stained darkish blue.
Statistical analysis
All experimental data were analyzed by SPSS13.0 and expressed as mean ± standard deviation (x ± s). Differences among multiple groups were compared by one-way analysis of variance. 
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Results
General information after modeling
Compared with the Sham group, the MI group had whitened heart surface in the dominant area, weakened local myocardial motion and expanded left atrial appendage after ligation of the coronary artery. After the chest had been closed, standard limb and chest lead electrocardiograms showed two and above ST segment elevations or arched ST segment elevations. Two weeks after surgery, the MI group had already suffered from accelerated breathing, anorexia and reduced activity. The myocardial tissues from the anterior ventricular wall of the MI group were greyish white in color, but those of the Sham group hardly changed. Compared with the Sham group, the MI group, especially the SB203580 subgroup, had signifi cantly increased LUNGW/BW two weeks after surgery (Tab. 1). Therefore, SB203580 aggravated HF and pneumonedema. The HE staining results of myocardial tissues are presented in Figure 1 .
Echocardiographic indices
Compared with the Sham group, echocardiography displayed that the PBS subgroup began to have elevated LVEDD and LVESD two weeks after surgery. At this time, Awd, EF and FS% were decreased and kept decreasing further thereafter. HR changed oppositely. The indices were poorer after SB203580 treatment (Tab. 2). Thus, the MI model had been successfully established.
GRP78 protein expression was up-regulated in cardiomyocytes from post-infarction HF mice
Compared with the Sham group, GRP78 expression in the PBS subgroup was up-regulated by 133 %, 173 % and 198 %, respectively 2, 4 and 6 weeks after surgery, and that in the SB203580 subgroup was up-regulated by 155 %, 184 % and 233 %, respectively at the same time points. There were statistically signifi cant differences (p < 0.05) (Fig. 2) .
Cardiomyocyte apoptosis under ERS was mediated by CHOP, JNK and caspase 12 pathways
Compared with the Sham group, the expression levels of CHOP, p-JNK and cleaved caspase 12 in the MI group, especially those of the SB203580 subgroup, were both signifi cantly up-regulated (p < 0.05). However, the levels of JNK and caspase 12 proteins were similar (p > 0.05) (Fig. 3) .
MI areas
Masson staining showed that the SB203580 subgroup had signifi cantly larger MI areas than the PBS subgroup 4 and 6 weeks after surgery (p < 0.05) (Fig. 4) .
Apoptosis of cardiomyocytes from post-infarction HF mice
The TUNEL assay showed that AI of the Sham group was 3.15 ± 0.72 % and those of the MI group were 19.47 ± 0.99 %, 28.92 ± 1.36 % and 40.43 ± 1.21 %, respectively 2, 4 and 6 weeks after surgery (Fig. 5) .
Flow cytometry exhibited that cardiomyocytes of the MI group were signifi cantly more prone to apoptosis 6 weeks after surgery than those of the Sham group (p < 0.05), with the SB203580 subgroup being more obvious (p < 0.05) (Fig. 6 ).
GRP78 and CHOP protein expression levels detected by immunofl uorescence assay
The immunofl uorescence assay also showed that GRP78 and CHOP protein expression levels in the MI group were significantly higher than those of the Sham group (p < 0.05) (Fig. 7) . The GRP78 and CHOP mRNA expression levels followed the same trend (Tab. 3).
Discussion
As a heart disease commonly occurring in clinical practice, MI is mainly caused by insuffi cient blood supply of local tissues of the heart due to coronary artery obstruction. Myocardial ischemia and hypoxia may induce a decline in myocardial contractility, leading to HF and myocardial fi brosis. The onset of postinfarction HF has been closely related to infl ammatory reaction. Among multiple mechanisms, the role of ERS has gradually attracted attention.
ER plays an important role in polypeptide synthesis and posttranslational modifi cation of polypeptides into intracellular or secretory proteins. ERS may occur when ER is unbalanced for some reason, producing excessive misfolded proteins (6). ERS 
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is a self-protective mechanism of cells to restore homeostasis, but too strong or prolonged stress response can lead to apoptosis. ERS usually has a common molecular basis. GRP78 is one of the proteins playing dominant roles in ERS, as well as a member of the HSP70 protein family. Similar to other HSP70 family proteins, GRP78 is a protein-like substance with ATP adenosine triphosphatase activity. This protein contains two highly conservative domains, i.e. an about 44,000 ATPase domain at the N-terminus and a binding domain that is located at the C-terminus and can bind proteins to be folded. GRP78 can recognize and bind seven hydrophobic amino acid residues in the unfolded region, and promote protein folding through conformational changes in the ATPase binding domain. With the help of several HSP40 family protein homologues, GRP78 can further function in ER. These protein members usually have highly conservative J-domains at the N-terminus, which can interact with GRP78 to activate the ATPase activity, and the Cterminus can bind proteins to be folded (5) . Therefore, GRP78, as an ER molecular chaperone, can sensitively respond to the activation of such stress (6) . In our study, GRP78 protein was expressed continuously in the myocardial cells of HF mice after MI, and the expression level was constantly increased along with aggravation of HF. Therefore, in the mouse model of post-infarction HF, GRP78 may be accompanied by the activation of ERS response. Researchers have found such activation upon myocardial ischemia and atherosclerosis (7, 8) . The common mechanism is based on damaged ER homeostasis owing to overload caused by the lack of nutrients, calcium overload, lipid overload, viral infection, drugs, toxins and increased synthesis of secretory proteins, further activating the stress response (9) . It is generally believed that the signal pathways of ERS-induced apoptosis are CHOP, JNK and caspase 12.
The above apoptotic pathways are different from the classic ones of death receptors. When ER is overloaded and the stress compensation fails to work under pathological conditions such as accumulation of toxic substances and calcium overload, apoptosis can be mediated via the above three pathways, thereby protecting the survival of vital organs. ERS-mediated apoptotic pathways exist in various systems of human body, such as heart, kidney, brain and tumors (10) (11) (12) (13) modeling played key roles (14) . Wei et al. found that in a rat model of HF caused by aortic coarctation-induced stress overload, ERS remained after modeling, and promoted myocardial cell apoptosis, mainly due to the reaction after activation of the CHOP pathway (15) . In this study, after the MAPK signaling pathway had been inhibited by SB203580, the myocardial cell apoptosis was promoted signifi cantly, and the expression level of ERS-related signaling pathway protein GRP78 was further increased. Therefore, after the MAPK signaling pathway had been suppressed, ERS was compensatorily facilitated during post-infarction heart repair, and the apoptosis of myocardial cells was promoted, in which caspase 12 played crucial roles (16) . Caspase 12 is a specifi c mediator of ERS-induced reactive apoptosis localized on the ER surface, irrelevant to the apoptotic pathways not involving ER. In addition, the activation of caspase 12 can enable ERS to independently induce apoptosis (17) , suggesting that the roles of JNK, caspase 12 and CHOP in ERS-induced reactive apoptosis are different in various HF models (18) (19) (20) . In our study, the expression levels of CHOP, p-JNK and cleaved caspase 12 proteins, which were all up-regulated in model rats, were elevated as HF was aggravated, accompanied by signifi cantly increased AI. Hence, CHOP, JNK, and caspase 12 were involved in cardiomyocyte apoptosis during post-infarction HF. After the activity of the MAPK signaling pathway had been inhibited by SB203580, cardiomyocyte apoptosis induced by ERS-and caspase 12 was further promoted. In summary, in the mouse model of post-infarction HF, the inhibition of MAPK signaling pathway suppressed cardiomyocyte apoptosis induced by MI or ERS. This pathway may be an eligible target for the prevention and treatment of post-infarction HF.
